Abstract: Two kinds of low-bandgap alternating copolymers composed of thiophene and benzothiadiazole were synthesized via the Stille coupling reaction. The effect of number of alkyl groups attached to oligothiophenes in the repeating unit of the copolymers on their optical, electrochemical, and photovoltaic properties was systematically investigated. One of the new polymers, poly(3,3"-dihexyl-2,2':5',2''-terthiophene-alt-2,1,3-benzothiadiazole) (P1), has better intermolecular packing than the other poly(3,3',3"-trihexyl-2,2':5',2''-terthiophene-alt-2,1,3-benzothiadiazole) (P2), and thus P1 is more beneficial for achieving high charge carrier mobility. P1-based device shows the power conversion efficiency as high as 2.19% when blended with [6,6]-phenyl-C 71 -butyric acid methyl ester after thermal treatment at 170 o C for 30 min.
Introduction
Bulk heterojunction (BHJ) polymer solar cells, fabricated by simple blending of an electron-donating conjugated polymer and an electron-accepting fullerene derivatives, have been reported to increase their performance continuously over the last decade [1] [2] [3] [4] . Regioregular poly(3-hexylthiophene) (P3HT) blended with [6, 6] -phenyl-C 61 -butyric acid methyl ester (PC 61 BM) was the first compound to reach the power conversion efficiency (PCE) as high as 5% [5, 6] . Although possessing several advantageous properties, P3HT has a relatively wide bandgap of 1.9 eV and thus harvests photons only up to 22% of available solar photons. To absorb photons at longer wavelengths, where more photon flux is found from the emission of the sun, development of lowbandgap polymers is strongly required.
In recent years, low-bandgap polymers based on internal electron donor-acceptor (D-A) interaction have attracted great interest because their electronic properties can easily be tuned and their absorption ranges can be extended to longer wavelengths [7] [8] [9] [10] . Following this approach, the D-A type copolymers based on electron-deficient benzothiadiazole and electron-rich aromatic compounds such as thiophene, carbazole, and benzodithiophene have been synthesized by several groups [11] [12] [13] . Very recently, a promising result has been reported by Heeger and co-workers using carbazole and benzothiadiazole moieties as building blocks of copolymers, demonstrating the PCE exceeding 6% [14] .
Along with the light-harvesting ability, high charge mobility of conjugated polymers is also important for improving the performance of polymer solar cells. In order to exhibit good charge transport property, the polymer chains are required to pack closely each other facilitating charge transport through intermolecular hopping. Although most of solution-processable conjugated polymers have flexible side groups for solubility in organic solvents, the side groups very often prevent the polymer backbone from close packing. Hence, the enhancement of charge carrier mobility owing to close chain packing may have a trade-off with the solubility. To achieve both good solubility and high charge carrier mobility of conjugated polymers, much effort has been devoted to molecular design and synthesis of new polymers. However, there have been only a few reports on solution-processable low-bandgap polymers with high mobility [15, 16] , and the structure-property relation of the conjugated polymers is not fully explored [17] [18] [19] .
Herein we report the synthesis of low-bandgap copolymers composed of thiophene and benzothiadiazole with finetuning of the number of solubilizing side groups, and their optical, structural, and photovoltaic properties. This paper also demonstrates that low-bandgap polymer with high degree of interchain packing can be obtained by rational design of the number of substituent on the polymers.
Experimental

Materials
All reagents were obtained from Aldrich unless otherwise specified and used as received. Tetrahydrofuran (THF) was dried over sodium/benzophenone under nitrogen and freshly distilled before use. Toluene was dried over calcium hydride under nitrogen and freshly distilled prior to use. 4,7-Dibromo-2,1,3-benzothiadiazole (1) [20] , 2-trimethylstannyl-4-hexylthiophene (2) [21] , and 2,5-bistrimethylstannylthiophene (5) [22] were synthesized by following the literature method. 2,5-Bistrimethylstannyl-3-hexylthiophene (6) was synthesized according to our recent publication [23] . [6, 6] -Phenyl-C 61 -butyric acid methyl ester (PC 61 BM) and [6, 6] -phenyl-C 71 -butyric acid methyl ester (PC 71 BM) were obtained from Nano-C and American Dye Source Inc., respectively. Poly (3,4-ethylenedioxythiophene) :poly(styrene sulfonate) (PEDOT: PSS) (Clevios P VP AI 4083) was purchased from H.C. Stark and passed through a 0.45 µm PES syringe filter before spin-coating.
Synthesis
Synthesis of 4,7-di(4-hexylthien-2-yl)-2,1,3-benzothiadiazole (3): 4,7-Di(4-hexylthien-2-yl)-2,1,3-benzothiadiazole was prepared by modifying the literature method [24] . 4,7-Dibromo-2,1,3-benzothiadiazole (3.35 g, 0.0114 mol) and 2-trimethylstannyl-4-hexylthiophene (9.4 g, 0.0284 mol) were dissolved in 40 ml of anhydrous toluene. The solution was deaerated under vacuum and backfilled with N 2 gas, and this was repeated three times prior to addition of Pd(PPh 3 ) 2 Cl 2 catalyst (400 mg, 0.00057 mol). The solution was allowed to react at 110 o C for 24 h under nitrogen atmosphere. The solvent was removed under a reduced pressure, and then the residue was purified by column chromatography on silica gel (1:3 chloroform/hexane as eluent) to yield a red compound which solidifies upon standing. Yield: 4.94 g (93%). Synthesis of 4,7-bis(5-bromo-(4-hexylthien-2-yl)-2,1,3-benzothiadiazole (4): The compound 3 (2.02 g, 0.0043 mol) was dissolved in 30 ml of THF, to which N-bromosuccinimide (NBS) (1.612 g, 0.0091 mol) was added in the dark. After stirring the mixture at room temperature for 3 h, 90 ml of nhexane was added into the mixture, and then the precipitate was filtered. The filtrate was extracted with ether, and the organic layer was washed with brine and dried over anhydrous magnesium sulfate. Evaporation of the solvent yielded the product as a red compound which solidifies upon standing. Yield: 2.40 g (89% Synthesis of poly(3,3"-dihexyl-2,2':5',2''-terthiophene-alt-2,1,3-benzothiadiazole) (P1): Under nitrogen atmosphere, monomer 4 (384 mg, 0.613 mmol) and 5 (251.1 mg, 0.613 mmol) were dissolved in 20 ml of anhydrous 1,2-dichlorobenzene. The solution was flushed with N 2 for 20 min, and then 21.6 mg of Pd(PPh 3 ) 2 Cl 2 was added. After the reaction mixture was stirred at 120 o C for 48 h, the polymer was precipitated by addition of 80 ml of methanol. The crude product was filtered through a Soxhlet thimble, and then subjected to Soxhlet extraction with methanol, hexane, acetone, and chloroform. The polymer was recovered from the chloroform fraction, and precipitated into methanol/ acetone (1:1 v/v) to afford the product as black solid. Yield: 203.9 mg (63%). Synthesis of poly(3,3'3"-trihexyl-2,2':5',2''-terthiophenealt-2,1,3-benzothiadiazole) (P2): The polymerization process was the same as that of P1, except that the monomer 6 was used instead of 5. Yield: 146.7 mg (55%). 
Characterization
The chemical structures of materials used in this study were identified by 1 H NMR (Avance DPX-300). Elemental analysis was performed on EA1110 (CE Instrument) elemental analyzer. Molecular weight and its distribution were measured by gel permeation chromatography (Waters) equipped with a Waters 2414 refractive index detector using THF as an eluent, where the columns were calibrated against standard polystyrene samples. The optical absorption spectra were obtained by UV-Vis spectrophotometer (Lambda 25, Perkin Elmer). Cyclic voltammetry experiments were carried out on potentiostat/galvanostat (VMP 3, Biologic) in an electrolyte solution of 0.1 M tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ) in dichloromethane. Three-electrode cell was used for all experiments. Platinum wires (Bioanalytical System Inc.) were used as both counter and working electrodes, and 
Fabrication and Characterization of Photovoltaic Devices
Polymer solar cells were fabricated on ITO glass cleaned by stepwise sonication in acetone and IPA, followed by O 2 plasma treatment for 10 min. PEDOT:PSS was spin-coated on the ITO glass at 4000 rpm for 1 min and annealed at 150 o C for 30 min to yield 40 nm thick film. A mixture of P1 (or P2) and PCBM were dissolved in anhydrous dichlorobenzene (30 mg/ml), and spin-coated on the top of the ITO/PEDOT: PSS film at 700-800 rpm for 60 sec. The typical thickness of the active layer was 130-150 nm. Aluminum (100 nm) was evaporated under vacuum lower than 10 -6 Torr on the top of active layer through a shadow mask. The effective area of cell was ca. 4 mm 2 . The current-voltage (J-V) curves of the device were obtained on a computer-controlled Keithley 4200 source measurement unit under AM 1.5G (100 mW/ cm 2 ) simulated by an Oriel solar simulator (Oriel 91160A). The light intensity was calibrated using a NREL-certified photodiode prior to each measurement. The external quantum efficiency (EQE) was measured using Polaronix K3100 IPCE measurement system (McScience). The light intensity at each wavelength was calibrated with a standard single-crystal Si cell.
Results and Discussion
Synthesis and Characterization
The synthetic route for preparation of monomers and polymers are shown in Figure 1 . Considering that the number of hexyl groups attached to the thiophene rings of the monomers may influence the properties of the resulting polymers, two different monomers (5 and 6 in Figure 1 ) were used as a building block of copolymers. The palladiumcatalyzed Stille coupling reaction was employed to synthesize alternating copolymer of thiophene and benzothiadiazole which are electron-donating and electron-withdrawing unit, respectively. All the polymers in this study are highly soluble in common organic solvent such as chloroform, chlorobenzene, and dichlorobenzene at room temperature. The number-average molecular weight (M n ) and polydispersity index (PDI) of P1 and P2 are listed in Table 1 . The molecular weight of P2 is low probably due to the steric hindrance of the 3'-hexyl group in the monomer 6 which causes poor reactivity toward palladium-catalyzed polymerization reaction.
Optical Properties
The absorption spectra of the two polymers in chloroform solution and thin film are shown in Figure 2 respectively. Both of the two polymers showed two absorption peaks, which is a common feature of donor-acceptor type copolymers [25, 26] . The absorption peak at shorter wavelength is attributed to π-π * transition of thiophene units, while the absorption peak at longer wavelength corresponds to the intramolecular charge transfer from the donor to the acceptor. It is noted that the absorption of P1 is much broader than that of P2. Interestingly, the absorption spectrum of P1 in solution exhibits a shoulder peak at long wavelength region due to the vibronic coupling associated with molecular rigidity. Particularly, when the maximum absorption wavelengths of the polymers in solution are compared with those in solid state (Figure 2(a) vs. Figure 2(b) ), it reveals that P1 shows a pronounced red shift of 97 nm from solution to solid state. This is probably due to the decreased steric repulsion of hexyl side groups of P1 which has one unsubstituted thiophene in the repeating unit, providing other hexyl side groups with torsion-releasing space. For this reason, P1 may have planar structure and thus easily aggregate in the solid state. The optical bandgaps (E g (opt)) as determined from the onset of the absorption spectra of P1 and P2 are 1.52 eV and 1.70 eV, respectively, which are very close to the ideal bandgap (1.5 eV) [27] of polymer solar cells.
Electrochemical Properties
The electrochemical data of all the polymers are obtained from the oxidation and reduction cyclic voltammograms, as shown in Figure 3 , and are summarized in Table 1 . The HOMO energy levels of the polymers can be calculated using the equation: HOMO=−[E ox −E 1/2 (ferrocene)+4.8] V, where E ox is the onset oxidation potential of polymer and E 1/2 (ferrocene) is the onset oxidation potential of ferrocene versus Ag/Ag + . The LUMO energy levels can be estimated by using the equation: LUMO=−[E red −E 1/2 (ferrocene)+4.8] V, where E red is the onset reduction potential of polymer. The estimated HOMO and LUMO energy levels of P1 are −5.29 eV and −3.40 eV, and those of P2 are −5.27 eV and −3.32 eV, respectively, from which the electrochemical bandgaps (E g (ec)) for each polymer can be determined. Since the open circuit voltage (V oc ) of polymer solar cells is linearly dependent on the difference between the HOMO level of electron donor and the LUMO level of electron acceptor, low HOMO level of the donor polymer results in high V oc of resulting polymer solar cells. Considering that a LUMO-LUMO offset of 0.3~0.4 eV is necessary for efficient electron transfer from polymer to PC 61 BM [28] , it is expected that exciton can be easily dissociated at the interface between the polymers and PC 61 BM because the LUMO levels of the polymers are much higher than that of PC 61 BM (−4.0 eV). Judging from the electrochemical characteristics, it is expected that the polymers synthesized in this study are promising donor materials for photovoltaic devices. 
XRD Analysis
To investigate the molecular organization of the polymers, the XRD patterns were obtained from powdered samples of polymers. The peaks around 23 o for both polymers can be assigned to the face-to-face distance of the aromatic groups in the polymer chains. Particularly, P1 shows a distinct diffraction peak at 2θ =5.2 o corresponding to the d-spacing value of 16.3 Å which is assigned to the interchain spacing between polymer main chains, where hexyl groups are segregated similar to other conjugated polymers with side groups [7] . Since the number of hexyl groups in the repeating unit of P1 is smaller than that of P2, the unsubstituted thiophene unit in P1 may provide sufficient space to facilitate interdigitation of side chains as above mentioned. These results are consistent with DSC studies ( Figure S3 in Supporting Information), where P1 shows melting peak at 207 o C and cold crystallization peak at 204 o C, while P2 does not show the thermal transition. It should be mentioned here that Yue et al. [11] recently synthesized a low-bandgap polymer similar to P1 which has dodecyl side groups in the thiophene units, reporting that the polymer has totally amorphous nature. Unlike their report, however, we could induce effectively the intermolecular packing of the polymer by reducing the length of alkyl side groups from dodecyl to hexyl.
Photovoltaic Properties
The polymer solar cells were fabricated with layered configuration of glass/ITO/PEDOT:PSS/polymer:PCBM/Al. The current-voltage characteristics of photovoltaic devices with two different polymers, P1 and P2, are shown in Figure  5 , and the photovoltaic parameters are summarized in Table  2 . It is worth noting that the V oc of P1 and P2 devices are slightly higher than P3HT-based devices (~0.60 V), which is in accordance with the low-lying HOMO level of P1 and P2. The as-spun devices of P1 and P2 exhibit nearly equal photovoltaic performance with the PCE of around 0.7%. When the devices were thermally annealed, however, these two devices showed different photovoltaic effect. The solar cells of P1:PC 61 BM exhibited the PCE up to 1.49% with V oc = 0.66 V, J sc =5.95 mA/cm 2 , and FF=0.38 after thermal annealing at 170 o C for 30 min. The large increase of shortcircuit current upon thermal annealing is attributed to enhanced inter-chain packing of P1, which facilitates enhanced charge transport through the packing direction. The fill factor (FF) was also significantly increased after thermal treatment. It is well known that the FF of the device is strongly dependent upon the series resistance (R s ) and shunt resistance (R sh ) Figure 4 . Powder X-ray diffractograms of P1 and P2. Table 2 . Photovoltaic parameters of devices tested under standard AM 1.5G conditions Active layer The series resistance, R s , is calculated at the inverse of the slope at V oc and the shunt resistance, R sh , is calculated at the inverse of the slope at J sc .
Textile Science and Engineering, Vol. 50, No. 1, 2013 [29] , where R s is closely related to the intrinsic resistance and morphology of the device, and R sh is correlated with the defects in the active layer which cause recombination of charge carriers and leakage current. When the values of R s from the J-V curves are estimated and compared before and after thermal annealing, it is realized that R s of the thermally annealed film of P1 is significantly lower than that of asspun one. This decrease in R s is attributed to the fact that the thermal treatment induces phase separation with the domain size of the exciton diffusion length (~10 nm), which will be discussed below. On the other hand, P2-based device showed severe loss of all the photovoltaic parameters upon thermal annealing. Although the annealing temperature was changed, the photovoltaic properties in all cases were lower than those of as-spun device of P2. It is generally accepted that the morphology of the donor/ acceptor blend can greatly affect the performance of photovoltaic devices [30, 31] . Optimal morphology is usually characterized by nanoscale phase separation, which may reduce the probability of geminate charge recombination. When the morphology of polymer/PC 61 BM blends was characterized by TEM, the TEM images of as-spun P1:PC 61 BM and P2:PC 61 BM blend films show very uniform morphology without any characteristic feature of phase separation ( Figures  6(a) and 6(c) ), indicating good miscibility between the polymers and PC 61 BM. This morphology may cause low current density because it cannot provide the pathway for charge carriers to pass through. When P1:PC 61 BM film was thermally annealed at 170 o C for 30 min, nanoscale phase separation was developed to afford charge carrier pathway, as shown in Figure 6 (b), resulting in higher current density compared to as-spun device. On the contrary, when P2:PC 61 BM film was annealed under the same condition as P1:PC 61 BM, macro-phase separation was observed, as shown in Figure  6(d) . This large phase separation may aggravate the device performance.
To quantitatively investigate the effect of phase-separated morphology on the charge transport property, hole and electron mobilities were determined from the space charge limited current (SCLC) J-V curves as obtained in the dark for hole-only devices (ITO/PEDOT:PSS/polymer:PC 61 BM/ Au) and electron-only devices (Al/polymer:PC 61 BM/Al), respectively. The SCLC behavior can be analyzed using the Mott-Gurney law [32] :
, where ε is the static dielectric constant of the medium, µ is the carrier mobility, V=V a −V bi (V a , the applied bias; V bi , the built-in potential due to the difference in electrical contact work functions), and L is the layer thickness. The hole mobilities, determined from the slope of J 1/2 versus V, were 7.83×10 (Figure 8 , Table 3 ). The large increase in J sc reflects enhanced photon harvesting ability of the active layer when PC 61 BM is replaced by PC 71 BM. When the external quantum efficiency (EQE) of PC 61 BM based devices are compared with those of PC 71 BM based devices, as can be seen in Figure 9 , it reveals that the PC 71 BM-based devices exhibit larger EQE than PC 61 BM-based devices in the wavelength from 350 nm to 600 nm due to additional light absorption of PC 71 BM in that region. Further device optimization such as interface engineering between active layer and cathode, and control of film morphology using mixed solvent is needed to improve the device performance.
Conclusions
We have synthesized two conjugated D-A low-bandgap alternating copolymers composed of oligothiophene and benzothiadiazole via the Stille coupling polymerization. It has been found that the optical, structural, and photovoltaic properties of the copolymers are strongly dependent upon the number of side groups in the repeating unit of polymer chain. P1 has better interchain packing as compared with P2, which results in enhanced charge carrier mobility and power conversion efficiency of 2.19%. This result indicates that low-bandgap polymers with high degree of interchain packing should be synthesized for high performance polymer solar cells by fine-tuning of the substitution pattern of side group. 
